Interleukin-2 (IL-2) is a potent growth factor that mature T lymphocytes synthesize and use as a proliferation signal. Much In the normal adult thymus, IL-2-expressing cells are extremely rare (found at a frequency of 10-7), but they are reproducibly detectable as isolated cells in the outer cortex and subcapsular region of the thymus. Unlike the fetal thymic IL-2 producers, the IL-2 producers in the adult thymus are completely eliminated in mice homozygous for the scid mutation. This suggests that the IL-2-expressing cells in the normal adult thymus are of a more mature phenotype than the immature, TcR-negative cells that accumulate in the scid adult thymus. Thus, our work demonstrates that two developmentally distinct types of cell interactions induce IL-2 expression in vivo: one, a broadly localized interaction in day 14-15 fetal thymus that is unaffected by the scid mutation; the other, a rare event that occurs asynchronously from late fetal through adult life, but which is completely eliminated by the scid defect. These results imply that significant differences exist between the physiological processing of thymocytes in the fetal and postnatal thymic microenvironments.
Interleukin-2 (IL-2) is a potent growth factor that mature T lymphocytes synthesize and use as a proliferation signal. Much controversy has arisen concerning whether it is used to drive the extensive proliferation of immature pre-T cells in the thymus. Immature thymocytes acquire the competence to express IL-2 at an early stage, but it has remained uncertain whether they are activated to exercise this competence in vivo. Therefore, we have used in situ hybridization and immunohistochemistry on serial sections obtained from fetal and adult thymuses of normal C57BL/6 mice and of mice bearing the scid defect to determine where, when, and whether IL-2 is expressed in vivo. Our results show a striking spatial and temporal pattern of IL-2 expression in the normal fetal thymus. We detected a burst of IL-2 mRNA accumulation at day 14.5 of gestation, which rapidly decreased by day 15. At day 15, we observed maximal IL-2 protein production that subsequently decreased by day 16 of gestation. Both in situ hybridization and immunohistochemical staining revealed an unexpectedly strict localization of IL-2 expressing cells to patches around the periphery of the fetal thymus, creating a previously unrecognized compartment of high IL-2 protein content. IL-2 production in the day-15 fetal thymus appeared to be unaffected by the scid mutation, indicating that this response is likely to be T-cell receptor (TcR)-independent. Several features distinguish the IL-2 induction pattern in the adult thymus from that in the fetal thymus. In the normal adult thymus, IL-2-expressing cells are extremely rare (found at a frequency of 10-7), but they are reproducibly detectable as isolated cells in the outer cortex and subcapsular region of the thymus. Unlike the fetal thymic IL-2 producers, the IL-2 producers in the adult thymus are completely eliminated in mice homozygous for the scid mutation. This suggests that the IL-2-expressing cells in the normal adult thymus are of a more mature phenotype than the immature, TcR-negative cells that accumulate in the scid adult thymus. Thus, our work demonstrates that two developmentally distinct types of cell interactions induce IL-2 expression in vivo: one, a broadly localized interaction in day [14] [15] fetal thymus that is unaffected by the scid mutation; the other, a rare event that occurs asynchronously from late fetal through adult life, but which is completely eliminated by the scid defect. These results imply that significant differences exist between the physiological processing of thymocytes in the fetal and postnatal thymic microenvironments.
INTRODUCTION
T cells, unlike other cell types of the hematopoietic lineage, differen.tiate in the thymus, *Corresponding author. where differentiation is accompanied by extensive proliferation, apparently triggered by mitotic signals from the thymic stroma. Thymusspecific lymphostromal interactions are critical for driving T-cell Rothenberg, 1987; Howe and MacDonald, 1988; Rothenberg et al., 1988; Tentori et al., 1988b; Fischer et al., 1991; Chen and Rothenberg, 1993 Recent gene-disruption experiments have formally proven that IL-2 is not required for the generation of normal cell populations in the thymus (Schorle et al., 1991) . However, severe perturbations can be induced in thymocyte development, in vivo or in organ culture, by anti-IL-2R antibody treatment (Jenkinson et al., 1987; Tentori et al., 1988a; Zuiga-Pfliicker and Kruisbeek, 1990; Zuiga-PfliJcker et al., 1990) , by the addition of excess IL-2 (Skinner et al., 1987; Plum and de Smedt, 1988; Waanders and Boyd, 1990) , or by the introduction of a transgenic IL-2Rc chain with inappropriate species specificity (Kroemer et al., 1991) . Thus, the possibility remains that IL-2 production in vivo plays some developmental role. Furthermore, studies from our own laboratory and from others have shown that the intrinsic competence to express the IL-2 gene is shared by both mature and immature thymocytes (Howe and MacDonald, 1988; Rothenberg et al., 1990; Fischer et al., 1991) . However, it is unknown whether the thymic microenvironment can actually provide signals to induce IL-2 expression in either or both populations of thymocytes. Therefore, IL-2 production (1) could potentially be induced at any of several stages in vivo and (2) might cause autocrine or paracrine effects, either early or late in T-cell development.
These issues make it instructive to determine the conditions under which developing thymocytes actually exercise their competence to express IL-2 in vivo.
Several laboratories have analyzed cytokine expression during fetal thymocyte development in vivo as an approach to determine which factors might be present in the thymus during T-cell development. Von Boehmer and coworkers initially reported that IL-2 is secreted as fetal thymocytes mature in organ culture (Kisielow et al., 1985) . Subsequent studies have shown that murine embryonic thymocytes harvested at different times during gestation express a variety of cytokine mRNAs, using either in situ hybridization to cytocentrifuged preparations of freshly isolated cells (Carding et al., 1989 (Carding et al., , 1990 ZufiigaPfliacker et al., 1990) or reverse transcription/ polymerase chain reaction (rtPCR) analysis of total RNA samples obtained from fetal thymuses (Montgomery and Dallman, 1991 Rothenberg, 1992 ). This could be attributable either to differences in the thymic environment or to the difference in hematopoietic origins between the precursors that seed the fetal and the postnatal thymus (Ikuta et al., 1990) . Thus, it is not clear whether IL-2 production is a universal feature of T-cell development or a peculiarity of the cell types present in the fetal thymus.
In order to examine the spatial and temporal pattern of IL-2 gene expression as induced naturally during T-cell Figure 1 shows the patterns of IL-2-specific hybridization in the murine fetal thymus at different stages of gestation as defined using 590 nt antisense or sense riboprobes. At day 14, a few highly positive cells were found, mainly in the outer region of the thymus (Fig. 1A) . At day 14.5, the outer region of the thymus contained a dramatically increased number of highly positive cells, clustered in distinctive, large patches of hybridization one cell deep that "outlined" the periphery of the tissue (Fig. 1C (Fig. 2D) (Havran and Allison, 1988 (Bosma and Carroll, 1991 (Fig. 5A) Fig. 4 ) (Bosma and Carroll, 1991 (Fig. 4D) (Penit, 1986; Boyer et al., 1989) , it is clear that thymocytederived IL-2 is grossly inadequate to drive the extensive proliferation in this organ.
Our results support the finding that transgenic mice homozygous for an IL-2 gene disruption did not make IL-2 and yet generated all major thymocyte populations in normal numbers (Schorle et al., 1991) . However, the extreme rarity of IL-2-rich "niches" in the normal adult thymus raises a caveat about the interpretation of the gene disruption results. If IL-2 were normally required as a growth factor for a particular subset of cells in the thymus, then its targets must represent a very minor fraction of cells in the cortex, the deletion of which might not drastically affect thymocyte population dynamics as a whole. Thus, an effect of IL-2 on some minor or transient branch of the T-cell lineage cannot be ruled out.
Developmental Significance of IL-2 Induction
In Vivo: IL-2 as an Indicator of a Rare Activation Event What may be the most telling aspect of our data is the access they provide into the intrathymic activation events that are detected as the induction of IL-2 gene expression in the murine thymus in vivo. These activation events depend both on the delivery of the appropriate signal from the thymic microenvironment and on the developmental status of the responding thymocyte (Howe and MacDonald, 1988; Rothenberg et al., 1990; Fischer et al., 1991 (Chen and Rothenberg, 1993; Rothenberg et al., submitted) clearly show that the scid thymus is significantly enriched for cells with the competence to express IL-2, provided that a certain set of triggering conditions are used in vitro. Therefore, either a lack of inductive signal or a mismatch between the available signals and the requirements of the developmentally arrested cells seems to be implicated. One possible explanation for the failure of cells in the scid adult thymus to express IL-2 in vivo would be that the scid thymic microenvironment (i.e., the nonlymphoid component of the thymus) does not develop properly, due to the lack of feedback interactions from mature thymocytes. Indeed, there is some evidence for architectural abnormality of the scid thymus (Shores et al., 1990 (Shores et al., , 1991 van Ewijk, 1991 Rothenberg, 1987) . The pCmIL-2 plasmids were linearized with PvuII and the pmIL2.3 plasmids were linearized with HindIII. The IL-2Rc probes were derived from two IL-2Rc cDNA fragments (Miller et al., 1985) , (Rothenberg et al., 1990 ). The hybridization buffer described previously was modified by the addition of 4 mM vanadyl ribonucleoside complexes, and hybridization was carried out for 8-12hr. Following hybridization, cover slips were soaked off in 4xSSC. Unhybridized probe was removed with three washes in 50% formamide, 2xSSC, 10 mM DTT, and 1% 2-ME at 50C (1 hr each). Slides were briefly rinsed in 2xSSC, transferred to digestion buffer (0.5M NaC1,
